Exposure to environmental factors and genetic predisposition of an individual may lead individually or in combination to various genetic diseases including cancer. These diseases may be a consequence of genetic instability resulting in large-scale genomic rearrangements, such as DNA deletions, duplications, and translocations. This review focuses on mouse assays detecting genetic instability at endogenous loci. The frequency of DNA deletions by homologous recombination at the pink-eyed unstable (p un ) locus is elevated in mice with mutations in ATM, Trp53, Gadd45, and WRN genes and after exposure to carcinogens. Other quantitative in vivo assays detecting loss of heterozygosity events, such as the mammalian spot assay, Dlb-1 mouse and Aprt mouse assays, are also reviewed. These in vivo test systems may predict hazardous effects of an environmental agent and/ or genetic predisposition to cancer.
Introduction
Genetic instability may lead to cell death or cell transformation, a process involved in carcinogenesis. Large-scale genome rearrangements, such as gene duplications, deletions, and translocations, are particularly deleterious. Such events may lead to various genetic disorders if a gene is deleted or disrupted during the rearrangement. Genome rearrangements are associated with carcinogenesis and have been found in cells from most human tumors (Khanna and Jackson, 2001; Knudson, 2001; Mitelman et al., 2003) . The frequency of these rearrangements is enhanced due to inherited mutations in genes involved in the maintenance of genome integrity. Alternatively, or in addition, exposure to environmental genotoxins may give rise to an increased frequency of genome rearrangements. Environmental pollutants may induce mutations in disease genes and/or induce genome rearrangements as a consequence of chemical or physical interaction with DNA. The determination of effects of environmental and genetic factors causing genome instability in animal models benefits the characterization of these factors and brings insight on how these factors interact with others resulting in a disease. Such studies may be informative for the evaluation of potential factors for prevention or treatment of disease.
Genome rearrangements, including DNA deletions, duplications, and gene conversions, can be generated through homologous recombination (HR) events between repetitive sequences. Repetitive DNA sequences comprising about 25% of the mammalian genome (Schmid et al., 1989) serve as substrates for intrachromosomal HR (Calabretta et al., 1982) . Several diseases are caused by deletions of large DNA fragments as a consequence of HR between repeated sequences (Purandare and Patel, 1997; Lupski, 1998; Mazzarella and Schlessinger, 1998; Ji et al., 2000) . These include X-linked ichthyosis (1.9 Mb deleted by flanking S232 elements) (Ballabio et al., 1990; Yen et al., 1990) , Prader-Willi syndrome (Ledbetter et al., 1981) and DiGeorge syndrome (de la Chapelle et al., 1981) , and hypercholesterolemia (Lehrman et al., 1985) . A tandem duplication mediated by Alu recombination within the ALL-1 gene causes an acute myeloid leukemia (Schichman et al., 1994) . Charcot-Marie-Tooth syndrome 1A and hereditary neuropathy with liability to pressure palsies are often caused by a chromosome duplication or deletion, respectively, of a 1.5 Mb region flanked by 24 kb tandemly repeated sequences (Pentao et al., 1992; Chance et al., 1993; Wise et al., 1993; Nelis et al., 1996) . An HR-mediated inversion disrupting the factor VIII gene, F8, is a cause in about 45% of severe hemophilia A cases (Naylor et al., 1993 (Naylor et al., , 1996 . Environmental exposures play a role in the etiology of some of these diseases. For example, paternal occupational exposure to hydrocarbons highly correlates with the risk of Prader-Willi syndrome in offspring (Strakowski and Butler, 1987; Cassidy et al., 1989) . Results obtained from 32 studies on parental occupational exposure and childhood cancer support the interpretation that exposure of parents to chemicals increase the risk of cancer in children (O'Leary et al., 1991) .
Certain carcinogens would increase the frequency of genome rearrangements, for example deletions, provided that genome rearrangements are the cause of some cancers. We have constructed and/or used several different intrachromosomal recombination assays in yeast, human cells, and mice to score for deletion events between repeated DNA elements (DEL events). These include a repeated mutation allele of his3 in the yeast Saccharomyces cerevisiae (Schiestl et al., 1988) , an internal duplication of exons 2 and 3 of the hprt gene in a human lymphoblastoma cell line (Aubrecht et al., 1995) , and intrachromosomal duplication of 70 kb fragment spanning exons 6-18 of the pink-eyed dilution (p) gene in mice . The DEL events in yeast occur more frequently after treatment with many carcinogens including carcinogens that are missed by other assays (Schiestl, 1989; Carls and Schiestl, 1994; Brennan and Schiestl, 1996 , b, 1998a Galli and Schiestl, 1996; Schiestl et al., 1997b Schiestl et al., , 1989a . In the same way, DEL events in human cells (Aubrecht et al., 1995) are inducible by both kinds of carcinogens. The focus of this review is on the mouse model for assessment of effects of environmental and genetic factors on the frequency of DEL events in endogenous gene locus Aubrecht et al., 1999; Carls and Schiestl, 1999; Bishop et al., 2000a Bishop et al., , b, 2001 Bishop et al., , 2003 . We also review three additional mouse models to detect genome rearrangements in a host rather than a transgenic locus. These include the mammalian spot assay, the Dlb-1 mouse and the Aprt mouse, which allow detection of loss of heterozygosity (LOH) events.
The p un mouse assay
The molecular basis of the p un mouse assay
The p un mouse background allows visual detection of 70 kb DNA deletions in the pink-eyed unstable (p un ) locus in developing mouse embryos, which are scored by black spots on the light gray fur or black cells on transparent retinal epithelium (RPE) in the offspring. The C57BL/6J p un /p un mouse strain (Jackson Laboratory, Bar Harbor, ME, USA) contains a 70 kb tandem duplication at the pink-eyed dilution (p) gene (Brilliant et al., 1991; Gondo et al., 1993) (Figure 1 ), the p un mutation. The p un mutation is autosomal-recessive and results in a dilute, light gray coat color and pink eyes (Lyon et al., 1992) . A deletion of one copy of a duplicated 70 kb DNA fragment at the p un locus restores the p gene, which encodes a protein responsible for the assembly of a black color melanin complex that produces a black pigment in the hair and retinal epithelium in wild-type mice (Rosemblat et al., 1994) . Such DNA deletions at the p un locus (p un reversions) occurring somatically in pre-melanocytes in the p un /p un embryo cause visible black spots on the gray fur (fur-spots) of the offspring after the amplification of pre-melanocytes Jalili et al., 1998) . The p un reversion in a precursor cell of the RPE results in black-pigmented cells (eyespots) on the unpigmented background (Searle, 1977) (Figure 2 ). The frequency of p un reversions increases upon mutagen exposure ; Figure 1 The p un mutation and possible mechanisms of intrachromosomal recombination resulting in deletion of the repeated exons 6-18. The deletion can occur by several homologous recombination pathways, such as intrachromosomal crossing-over, single-strand annealing, unequal sister chromatid exchange, and sister chromatid conversion (Schiestl et al., 1988; Aubrecht et al., 1995; Galli and Schiestl, 1995) Mouse models for genetic instability R Reliene and RH Schiestl Jalili et al., 1998; Bishop et al., 2000b) . Therefore, the p un locus in homozygous p un mice can be utilized as a reporter of genotoxic activity, which results in 70 kb DNA deletions in developing mouse embryos and is scored by fur-spots or eye-spots. The mutagenic effect is most notable when pregnant dams are exposed in the second half of gestation, since the hair follicle melanocyte proliferation begins at approximately 10th day post conception (dpc) (Cable et al., 1995) , and the RPE formation begins in the developing eye-cup at day 8 dpc (Nakayama et al., 1998) .
The fur-spot and the eye-spot assay
In the fur-spot assay, 10-day old pups are observed for black spots on the light gray fur and the number of animals with fur-spots is counted (Schiestl et al., , b, 1994 Jalili et al., 1998) . In the eye-spot assay, mice are killed at day 20, eyes are removed and the whole mount RPE slides are prepared (Bishop et al., 2000a; Reliene et al., in press ). There are several advantages of the eye-spot assay over the fur-spot assay. The eye-spot assay requires fewer animals to obtain significant results and provides extremely high sensitivity with resolution to the single cell level. In the fur-spot assay, fur-spots production is only detected when the revertant cells have undergone a multiple number of divisions, enough to form a visible fur-spot. On the other hand, the two assays complement each other, since they allow studying deletion events in tissues of different origin. The hair follicle melanocytes are derived from the neural crest, whereas RPE cells are derived from the neural epithelium. The development of both tissues begins at approximately the same time. The hair follicle melanocytes are first detected at 10 dpc dividing slowly and beginning to migrate by day 11 (Cable et al., 1995) . This proliferation pattern continues throughout embryo development, and then shortly after birth they begin to proliferate rapidly before migrating into hair follicles. The neuroepithelial melanocytes are first detected in the developing eye-cup at 8 dpc (Nakayama et al., 1998) , the RPE reaches its highest rate of mitotic division between 11.5 and 15.5 dpc (Kong et al., 1992) and ceases in the first postnatal weeks (Bodenstein and Sidman, 1987) .
The eye-spot assay also allows determining the approximate time during embryo development at which a DEL event occurred by mapping an eye-spot relative position within the RPE (Bodenstein and Sidman, 1987) . During development, the RPE develops radially away from the optic nerve, with the majority of proliferation occurring in the most peripheral cells. Examining the location, or position, of an eye-spot relative to the distance from the optic nerve head, gives an indication as to when during development that event took place. Examining benzo(a)pyrene (BaP) exposure at different times of eye development, E8, E10, E12, and E17, reveals distinct regions where the induced events lie, with the position of each region found at an increasing distance from the optic nerve the later the time of exposure (Bishop et al., 2001) . This pattern of induction fits nicely with the developmental and cellular proliferation pattern of the RPE (Bodenstein and Sidman, 1987) .
Frequency and mechanism of recombination leading to the DNA deletions at the p un locus
Spontaneous p un reversions occur at a relatively high frequency, at least three to five orders of magnitude greater than other recessive mutations at other coatcolor loci (Schlager and Dickie, 1967) . The p un reversion frequency has been calculated to be 1.8-5.8 Â 10
À4 at day 10 of embryonic life in various types of matings (Melvold, 1971) . On the C57BL/6J inbred strain, 5-10% of mice display one or less often two fur-spots (Brilliant et al., 1991; Schiestl et al., 1997a ) and 4-6 eyespots are observed in the RPE that consists of approximately 54 000 cells (Bodenstein and Sidman, 1987; Bishop et al., 2000a) . A p un reversion event that occurs in a precursor cell very early in the development may give rise to a mosaic mouse. This is observed as multiple black patches on the fur or multiple pigmented cells or clones of cells are dispersed throughout the transparent RPE. Such events occur in 1% or fewer of the mice and the multiple spots should not be scored as individual p un reversions. If a p un reversion event occurs Figure 2 Close-up of eye-spots on the RPE of a p un mouse
Mouse models for genetic instability R Reliene and RH Schiestl in the germ line, the resulting offspring has a completely black coat and black RPE. Such germline reversion events occur in less than 1% of offspring. The mechanism of p un reversion involves intrachromosomal HR between two identical tandemly repeated 70 kb DNA fragments spanning exons 6-18 (Figure 1 ), resulting in a deletion of one of the fragments and thereby reconstituting the p gene. The deletion event can occur by several HR pathways, such as intrachromosomal crossing-over, single-strand annealing, one-sided invasion, unequal sister chromatid exchange, and sister chromatid conversion (Schiestl et al., 1988; Aubrecht et al., 1995; Galli and Schiestl, 1995) (Figure 1 ). Galli and Schiestl examined the effect of single-strand breaks (SSBs) and double-strand breaks (DSBs) between duplicated alleles in dividing and arrested yeast cells, which led to the suggestion that single-strand annealing or one sided invasion is involved (Galli and Schiestl, 1998) . Since the duplication at the p un locus does not contain any sequences separating the sequence duplication, it is not necessary to remove any such sequence as required in the single-strand annealing model. In addition, the duplicated sequences with about 70 kb would be rather long to be removed for annealing, which also makes single-strand annealing less likely. Thus, taking the yeast data into account, it is possible that HR by one-sided invasion is the mechanism responsible for the majority of p un reversion events.
Carcinogen-induced DNA deletions at the p un locus Some DNA deletions events at the p un locus may be initiated by a DSB between the duplicated fragments. As an example, the frequency of DEL events is elevated in the offspring of dams treated with X-rays (Table 1) , known to be a potent inducer of DSBs and, consequently, large deletions (Sankaranarayanan, 1991) . Furthermore, a number of carcinogens increased the frequency of DEL events measured by the fur-spot assay. These carcinogens include ethylmethane sulfonate (EMS), methylmethane sulfonate (MMS), ethyl nitrosourea (ENU), BaP, trichloroethylene (TCE), sodium arsenate (SOA), benzene (BEN) , and the polychlorinated biphenyls Aroclor 1221 and Aroclor 1260 as well as 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD) (Table 1) . These data further supported the positive correlation between induction of recombination-deletion events and carcinogenicity. BaP appeared to be the most potent inducer of the 70kb DNA deletions at the p un locus both in the fur-spot assay and eye-spot assay (Bishop et al., 2000b) . All the exposures noted above were performed with only a single dose of a chemical at the 10th day of gestation in most cases by i.p. injection. One-time treatment of pregnant dams with 15 mg/kg of cigarette smoke condensate was conducted via insufflation. Cigarette smoke generated by either filtered or unfiltered cigarettes was administered by a whole-body exposure for 4 h during the 10th day of gestation producing plasma nicotine levels in the range of 21-92.7 ng/ml, which is similar to that found in humans after smoking a cigarette (44.2-53 ng/ml) (Grassi et al., 1994; Kurihara, 1995) .
Transgenerational appearance of DNA deletions at the p un locus The p un fur-spot assay was utilized to demonstrate that exposure of the parental germ line to ionizing radiation results in induction of delayed DNA deletions in offspring mice (Carls and Schiestl, 1999; Shiraishi et al., 2002) . Irradiation of p un /p un male mice with 1 Gy of X-rays 28 days prior to being paired with unirradiated female p un /p un mice resulted in a higher frequency of large fur-spots in the offspring (Carls and Schiestl, 1999) . Since deletions occurring early in embryogenesis should yield larger spots than events occurring later, large spots indicated that DEL events occurred early in embryo development. These deletion events occurred, however, many cell divisions after irradiation, indicating transgenerational appearance of DNA deletions at the p un locus. In another study, irradiation with 6 Gy of the germ line of male mice resulted in an increase in p un reversions resulting in eye-spots in the irradiated paternal p un allele as well as in the unirradiated maternal p un allele (Shiraishi et al., 2002) . This result indicated that the effect is not limited to the allele that has been irradiated but is due to an untargeted general upregulation of recombinational activity in the cells of the offspring (Shiraishi et al., 2002) . These studies were in accord with other studies demonstrating delayed reproductive effects after irradiation (Dubrova et al., 1993; Fan et al., 1995; Niwa et al., 1996; Niwa and Kominami, 2001; Barber et al., 2002) . The results of these studies agree with the hypothesis that parental occupational exposure increases the risk of childhood cancer that is also supported by epidemiological studies (O'Leary et al., 1991) .
Genetic control of DNA deletions at the p un locus
The p un mutation has been introduced into different DNA repair-deficient backgrounds, including Trp53, ATM, Gadd45, and WRN. The frequency of DEL events was determined in spontaneous and damage-induced Trp53-deficient embryos (Aubrecht et al., 1999) . The frequencies of spontaneous fur-spots were not significantly different in Trp53 homozygous and heterozygous mutants as compared to wild-type littermates. X-ray treatment increased the deletion frequency in wild type and Trp53 þ /À , but surprisingly not in Trp53 À/À offspring (Aubrecht et al., 1999) . This finding implied that tumor suppressor gene Trp53 (also known as p53) is involved in ionizing-radiation-induced recombination, and was in agreement with the proposal that Trp53 is involved in the DNA damage response following X-ray exposure. In contrast to X-rays, the increase in frequency of B(a)Pinduced deletions was independent of Trp53 À/À status, suggesting that Trp53 may only be involved in X-ray induced, probably through a DNA DSB intermediate, but not in the repair of B(a)P-induced lesions, which may consist of DNA adducts.
An elevated frequency of DEL events was observed in ATM, Trp53, and Gadd45 mutant mice determined by the eye-spot assay (Bishop et al., 2000a (Bishop et al., , 2003 as well as in WRN mutant mice determined by the fur-spot assay (Lebel, 2002) . The eye-spot positional distribution in ATM, Trp53, and Gadd45 mutant mice revealed different timing of deletion events (Bishop et al., 2003) . Most of the deletions occurred early in development in the RPE of Trp53-and Gadd45-deficient mice, while it occurred at later stages in ATM-deficient mice. This early occurrence of the elevated frequency of deletions, probably around or prior to day 8.5 of development detected by the eye-spot assay in Trp53-deficient mice was most likely the reason why the earlier study employing the fur-spot assay did not detect such an increase (Aubrecht et al., 1999) because of the low number of target cells and thus low inducibility for the fur-spot assay early in development. This pattern of eyespot events suggested that ATM and Trp53 function in maintaining genomic integrity at different times during development.
In contrast to the highly elevated frequency of 70 kb deletions at the p un locus (Bishop et al., 2000a (Bishop et al., , 2003 , no increase in the frequencies of mutations at the Aprt locus (see below for description of the assay) was observed in any of the two solid tissues examined in ATM-deficient mice, the ear, which yields predominantly mesenchymal cells and the kidney, which yields predominantly epithelial cells (Turker et al., 1999) . Furthermore, there was no increase in the frequency of spontaneous mutations in Trp53-deficient transgenic lacI mice (Sands et al., 1995) . This indicates that DNA deletions by HR are more important for the pathogenesis in ATM-and Trp53-deficient mice, and by analogy probably also human patients than mutational events.
Other mouse models for short-term mutagenicity studies
The mammalian spot test
The in vivo somatic mutation assay (also called mammalian spot test or mouse spot test) that detects forward mutations in coat-color genes has been developed in 1957 using X-rays as a mutagen (Russell and Major, 1957) . The method involves exposing embryos heterozygous for a number of coat-color genes to the test agent and then observing clones of mutant cells in Mouse models for genetic instability R Reliene and RH Schiestl the adult, for example, spots of color expressing the recessive marker on otherwise black fur. The five specific-color loci, such as non-agouti, a, brown, b, albino, c, dilute and short ear, d se, leaden, ln, and other color loci, including pinked-eyed dilution, p, pearl, pe, pallid, pa, piebald spotting, s can be employed (Schlager and Dickie, 1967) . Loss of a dominant allele and expression of the recessive marker in a melanocyte precursor cell results in brownish or light to dark gray color spots randomly distributed in the black fur. Spots having other causes may also occur. White midventral spots are due to pigment cell killing or misdifferentiation (Russell and Major, 1957; Russell, 1977) . Expression of the recessive color loci may be due to several mutagenic events in the wild-type allele, including point mutations, deletions of chromosomal segments, chromosomal loss or recombination events that cause the marker to become homozygous. This method can be used to screen mutation events in germ line (mouse specificlocus test, reviewed in Cattanach (1971) as well as in somatic cells (mammalian or mouse spot test (Russell and Major, 1957) ). The frequency of heritable germline mutations determined by the mouse specific-locus test at only a few loci is very low, since mutagenesis of only one cell per animal is examined. Studying mutagenic effects in somatic cells increases the number of cells available for mutation induction, and thus reduces the number of animals required for the test. The spontaneous forward mutation frequency has been estimated to be in the order of 8.9 Â 10 À6 mutations per locus per gamete at five specific-color loci and 0.67 Â 10 À6 mutations per locus per gamete at other loci (Schlager and Dickie, 1967) .
Since the mid-1970s, 60 chemicals and X-rays have been tested by the mammalian spot test (Fahrig, 1975 (Fahrig, , 1977 (Fahrig, , 1993 Davidson and Dawson, 1977) ; reviewed in Russell et al. (1981) ; Styles and Penman (1985) . The spot test was positive for 44 agents of which 35 were carcinogens, including X-rays, EMS, MMS, ENU, BaP, and TCE (Styles and Penman, 1985) . The test revealed higher sensitivity and accuracy as defined by de Serres and Ashby (1981), compared to the Salmonella bacterial gene mutation test (Ames assay) (Table 2 ). The results obtained from the mammalian spot assay provided evidence that the test is an in vivo system that identifies mutagens and predict carcinogenesis. The assay, however, requires a large number of animals.
The Dlb-1 mouse assay Somatic mutations of a host gene can be quantified at the Dlb-1 locus in the epithelial cells of the small intestine in mice. This in vivo mutagenicity assay detects the loss of the binding site for the lectin Dolichos biflorus agglutinin (DBA) on the surface of cells in the villi (Winton et al., 1988) . The receptor for the DBA is encoded by an autosomal dominant gene, Dlb-1 b .
Mutations in the Dlb-1 b allele in a stem cell of heterozygous Dlb-1 a /Dlb-1 b F1 mice result in ribbons of nonstaining cells against a stained background in whole-mount preparations of small intestine stained with a DBA-peroxidase conjugate. Stem cells of the small intestine are located in the crypts where they undergo a number of divisions prior to differentiation and migration into the villi (Potten and Loeffler, 1987) . The unstained ribbons appear in approximately 5-7 days when a mutated stem cell reaches the tip of the villus (Potten and Loeffler, 1990) . Spontaneous mutations result in four ribbons per 10 4 villi (Winton et al., 1988 (Winton et al., , 1989 . The frequency of unstained ribbons increases upon carcinogen treatment, including gamma radiation (Winton et al., 1989) , ENU (Winton et al., 1988; Schmidt et al., 1990; Tao et al., 1993a; ShaverWalker et al., 1995; van Delft et al., 1998) , dimethylnitrosamine, 1,2-dimethylhydrazine (Winton et al., 1990) and B(a)P (Brooks et al., 1999) .
This assay determines the susceptibility of stem cells to mutation, although it is restricted to one tissue. It detects small clones of mutant cell populations in the intestine, that is, cells derived from a single mutated crypt (Schmidt et al., 1990) . The assay requires a much lower number of animals to yield conclusive results compared to the mammalian spot assay. The assay can be used for mutagenicity studies in utero as well as in adult animals.
The APRT mouse model
Aprt knockout mice have been generated by several investigators using gene targeting approaches Redhead et al., 1996 ; Van Sloun et al., In total 61 agents tested, from which 45 were carcinogens, six noncarcinogens, and 10 were not tested in cancer bioassays (data obtained from Styles and Penman, 1985)
Mouse models for genetic instability R Reliene and RH Schiestl 1998). Spontaneous or induced forward mutations leading to loss of function of the autosomal dominant Aprt locus can be detected in T lymphocytes and skin fibroblasts in the Aprt heterozygous mice. The Aprt gene encodes an enzyme (adenine phosphoribosyltransferase) that is involved in the purine salvage pathway and catalyses the conversion of adenine to adenosine monophosphate (AMP). Aprt-deficient cells can be selected in vitro on the basis of their resistance to purine analogs such as 8-azaadenine (8-AA) or 2,6-diaminopurine (DAP) that are toxic to Aprtproficient cells. Aprt heterozygous mutants predominantly exhibit large-scale chromosomal events that result in LOH spontaneously or following carcinogen exposure Van Sloun et al., 1998; Wijnhoven et al., 1998; Liang et al., 2000) . The spontaneous mutant frequency at the Aprt locus has been estimated to be of 8.7 Â 10 À6 in T lymphocytes and 1.7 Â 10 À4 in skin fibroblasts . The Aprt mouse model is a quantitative method that allows detection of LOH events in several tissues in vivo. However, mutations induced in vivo are detectable in cells propagated in vitro. Thus, the assay requires the transition from the organism to cell culture.
Reverse mutations can be detected in the Aprt homozygous mutant mice whose mutant alleles are inactivated by point mutations that are revertible . Detection of a reversion of point mutation is based on the ability of Aprt þ but not Aprt À cells to sequester radiolabeled adenine by catalysing its conversion to adenosine monophosphate and subsequent incorporation into nucleic acid. Following exposure to a test compound and allowed time to fix presumptive mutations, mice are injected with labeled adenine and are analysed for reverse mutation at the Aprt locus either by autoradiography of histological sections or scintillation counting of homogenized tissues. This in situ method detects agents that cause point mutations.
Genotoxic response in the p un mouse assay compared to other short-term mutagenicity assays It is worthwhile to compare if assays for large-scale genome rearrangements, such as DEL events, detect carcinogens tested positive and/or negative for point mutation induction. The Salmonella assay, in particular, was widely used as a short-term mutagenicity test . Compared to yeast DEL assay, 15 Salmonella assay positive carcinogens and 23 Salmonella assay negative carcinogens induced deletions in yeast (Schiestl, 1989; Carls and Schiestl, 1994; Brennan and Schiestl, 1996 , b, 1998a Galli and Schiestl, 1996; Schiestl et al., 1997b Schiestl et al., , 1989a . Testing 53 compounds yielded the accuracy of yeast DEL assay of 85% (45 compounds were identified correctly), while the Salmonella assay correctly identified 36% (19 compounds were identified correctly) of the same chemicals. In Styles and Penman (1985) , the Salmonella assay accuracy was 67% (35 of 51 tested agents).
The p un mouse fur-spot assay detected DEL events induced by agents that rendered undetectable by several other mutagenesis assays are summarized in Table 3 . All of the 11 agents that were positive in the p un assay are known carcinogens. The Salmonella assay identified 45% (five of 11) of compounds that tested positive in the p un mouse fur-spot assay. All of these compounds (n ¼ 5) that induced DEL events in the yeast assay (Schiestl, 1989; Schiestl et al., 1989b) also induced deletions in the p un mouse fur-spot assay. Most of compound (86%, n ¼ 7) tested positive in the p un mouse fur-spot assay gave positive result in the mammalian spot test (Styles and Penman, 1985) . A number of common agents tested in the Dlb-1, Aprt, and p un mouse models is too low to suggest a correlation. Data with the Salmonella assay negative carcinogens, SOA, TCE, benzene, Aroclor, and TCDD, that were positive in the p un mouse assay were not reported in most other assays.
Oxidative stress may play a role in induction of DNA deletions
The yeast DEL assay appeared to be a very sensitive assay in detection of oxidative carcinogens, because many of such agents were undetected by bacterial Salmonella assay (Brennan et al., 1994; Brennan and Schiestl, 1996 , b, 1998a , b, 1999 . This finding tempts to propose that carcinogens that act via mechanism of oxidative damage result in higher frequency of DNA deletions than subtle genome rearrangements, such as base pair substitutions. Hence, DNA deletions induced by oxidative carcinogens may be a vehicle driving toward malignancy. An alternative observations, in accord to the proposed mechanism, is that elevated frequency of DEL events is found in cancer-prone mice due to deficiency in Trp53 and/or Atm genes (Bishop et al., 2000a (Bishop et al., , 2003 , while the frequencies of forward mutations are at the basal level in these mice (Sands et al., 1995; Turker et al., 1999) . Furthermore, there is accumulating evidence that Atmdeficient cells and tissues show elevated levels of oxidative stress Watters et al., 1999; Takao et al., 2000; Kamsler et al., 2001; Lee et al., 2001; Peter et al., 2001) . These facts seem to indicate a link between oxidative stress and DNA deletions and final outcome, carcinogenesis. It seems likely that the cancer predisposing environmental as well as genetic factors that are detected by the DEL assays involve prooxidant reactions.
Summary
The p un mouse DNA deletion assay allows assessment of an intermediate biologic marker in carcinogenicity and takes relatively little time to perform. It requires 2-3 months compared to several years needed for long-term carcinogenicity studies. A possible shortcoming of the assay might be its limitation to proliferating RPE and/or (Schiestl et al., 1989b ) (Provost et al., 1996) Aroclor 1221 À + (Iverson and Grant, 1991) Aroclor 1260 À + (Iverson and Grant, 1991) TCDD À À (Iverson and Grant, 1991) (Fahrig, 1993) wk, weak response a Subacute but not acute treatment tested positive b Dimethylarsenic acid (DMA) and arsenic trioxide (arsenite) were tested Mouse models for genetic instability R Reliene and RH Schiestl skin pre-melanocyte cells, when proliferation starts at about embryonic day 9 and ceases after birth. Thus, this assay is used to determine the frequency of DNA deletions occurring in embryos, but cannot be applied for adult animals. The assay, however, seems to be an excellent tool for studying the effects of acute exposure by carcinogens and other environmental chemicals (Jalili et al., 1998; Schiestl et al., 1994 Schiestl et al., , 1997a as well as transgenerational effects (Carls and Schiestl, 1999; Shiraishi et al., 2002) . The assay also allows the determination of the genetic control for the maintenance of genome integrity in vivo (Bishop et al., 2000a (Bishop et al., , 2003 . The fur-spot assay resembles the mammalian spot assay, although it requires significantly lower number of animals to obtain conclusive results and scores for homologous recombination/deletion events rather than for LOH. The eye-spot assay offers extremely high sensitivity compared to fur-spot assay and thus even lower number of animals is needed for the test. Since they efficiently detect cancer-causing environmental as well as genetic factors, the p un mouse assay may be used as a valuable alternative or addition to existing in vivo mutagenicity assays.
